A disease-like syndrome is currently affecting a large percentage of the Ianthella basta populations from the Great Barrier Reef and central Torres Strait. Symptoms of the syndrome include discolored, necrotic spots leading to tissue degradation, exposure of the skeletal fibers, and disruption of the choanocyte chambers. To ascertain the role of microbes in the disease process, a comprehensive comparison of bacteria, viruses, fungi, and other eukaryotes was performed in healthy and diseased sponges using multiple techniques. A low diversity of microbes was observed in both healthy and diseased sponge communities, with all sponges dominated by an Alphaproteobacteria, a Gammaproteobacteria, and a group I crenarchaeota. Bacterial cultivation, community analysis by denaturing gradient gel electrophoresis (Bacteria and Eukarya), sequencing of 16S rRNA clone libraries (Bacteria and Archaea), and direct visual assessment by electron microscopy failed to reveal any putative pathogens. In addition, infection assays could not establish the syndrome in healthy sponges even after direct physical contact with affected tissue. These results suggest that microbes are not responsible for the formation of brown spot lesions and necrosis in I. basta.
between diseased and apparently healthy tissue (M); and (iii) apparently healthy, nondiseased tissue (ND). In addition, sections from healthy control sponges were collected for microbial comparison (H). In all, 13 healthy and 32 diseased samples were collected. Immediately after collection, tissue samples were fixed in 1.5 ml of 100% ethanol and stored at Ϫ20°C prior to molecular analysis.
DNA extraction and DGGE. All samples were extracted by using two different extraction protocols to maximize the amplification of a broad range of microbes. DNA was extracted according to the manufacturer's protocol with a Power Plant DNA isolation kit (MoBio Laboratories, Carlsbad, CA) and using a modified version of (43) . Briefly, 0.5 g of sponge tissue was added to 0.5 ml of grinding buffer (100 mM Tris [pH 9, 100 mM EDTA, 1% sodium dodecyl sulfate, 100 mM NaCl, and Milli-Q water). Tubes were immersed in liquid nitrogen and ground with a sterile plastic pestle before the addition of an another 0.25 ml of grinding buffer and 18.75 l of 20.3-mg ml Ϫ1 proteinase K. The samples were incubated at 65°C for 60 min with gentle rotation before the addition of 187.5 l of 5 M potassium acetate. Samples were incubated on ice for 30 min and centrifuged at 8,000 ϫ g for 15 min at room temperature. DNA in the supernatant was precipitated with 0.8 volumes of isopropanol, washed twice with 70% ethanol, resuspended overnight at 4°C in Milli-Q water, and stored at Ϫ20°C.
The 16S and 18S rRNA gene of samples from each extraction method were amplified by PCR with bacterial primers (1055f, 5Ј-ATGGCTGTCGTCAGCT-3Ј; 1392r, 5Ј-ACGGGCGGTGTGTRC-3Ј) (12) and eukaryotic primers (NS1f, 5Ј-GTAGTCATATGCTTGTCTC-3Ј; NS2r, 5Ј-GGCTGCTGGCACCAGACT TGC-3Ј) (42) . Both reverse primers were modified to contain a 40-bp GC clamp (26) . PCRs contained 5 l of deoxynucleoside triphosphate (2.5 mM), 5 l of 10ϫ OptiBuffer, 0.15 l of each primer (100 pmol l Ϫ1 ), 0.4 l of bovine serum albumin (BSA; 10 mg ml Ϫ1 ), 3 l of MgCl 2 (50 mM), 0.5 l of Bio-X-ACT Taq polymerase (Bioline, London, United Kingdom), and 1 l of DNA template. Reactions were made up to 50 l of total volume with Milli-Q water. The PCR conditions for the 16S primers were as follows: 1 cycle at 95°C for 5 min; 30 cycles at 95°C for 30 s, 55°C for 1 min, and 70°C for 1 min; and a final elongation at 70°C for 10 min. The PCR conditions for the 18S primers were as follows: 1 cycle at 95°C for 3 min; 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and a final elongation at 72°C for 7 min. PCR products from both extraction methods were pooled, and 20 l of each sample was added to an 8% (wt/vol) polyacrylamide gel containing either a 50 to 70% (Bacteria) or 35 to 70% (Eukarya) denaturing gradient of formamide and urea. The gels were run at 60°C for 16 h in 1ϫ TAE buffer at 75 V using the Ingeny D-Code system, stained with 1ϫ SYBR gold for 10 min, visualized under UV illumination, and photographed with the Vilber Lourmat ChemiSmart 3000 system. Reference bands from healthy and diseased samples, as well as bands that were present in diseased but absent from healthy samples, were excised, reamplified with PCR, and checked for correct mobility on a 50 to 70% or 35 to 70% denaturing gradient gel electrophoresis (DGGE) gel, respectively. PCR products were sequenced by Macrogen, Inc. (Seoul, Korea), using the forward primer 1055f.
Cloning and sequencing. The 16S rRNA gene from three healthy, middle, and diseased samples was amplified by PCR with the universal bacterial primers 63f (5Ј-CAGGCCTAACACATGCAAGTC-3Ј) (25) and 1492r (5Ј-GGTTACCTTG TTACGACTT-3Ј) (21) and the archaeal primers 21f (5Ј-TTCCGGTTGATCC YGCCGGA-3Ј) (32) and 958r (5Ј-TCCGGCGTTGAMTCCAATT-3Ј) (9) . PCRs contained 5 l of deoxynucleoside triphosphate (2.5 mM), 5 l of 10ϫ OptiBuffer, 0.15 l of each primer (100 pmol l Ϫ1 ), 0.4 l of BSA (10 mg ml
Ϫ1
), 3 l of MgCl 2 (50 mM), 0.2 l of Hot Star Taq DNA polymerase (Qiagen, Inc., Chatsworth, CA), and 1 l of DNA. Reactions were made up to a 50-l total volume with Milli-Q water. The PCR conditions were as follows: 1 cycle at 95°C for 5 min; 32 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min; and a final elongation at 72°C for 10 min. The triplicate PCR products were pooled to create a single clone library for each of the healthy, middle, and diseased samples. PCR products were cloned with a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Plasmids were checked for inserts by PCR amplification using M13 forward and reverse primers. Restriction digests using HhaI and HaeIII (New England Biolabs, Inc.) were performed to determine the OTU for each library. Duplicates from each representative OTU in each library were sent to Magrogen for sequencing using 63f and 1492r (bacteria) and 21f and 958r (archaea) as the sequencing primers.
Phylogenetic analysis. DGGE and clone sequences were compared to available databases by using the Basic Local Alignment Search Tool (BLAST) (2) to determine the nearest relatives and the percent similarity. Only unique clone sequences (irrespective of the library they originated from) were submitted to GenBank under accession numbers GU784983 to GU784990, and the DGGE sequences were submitted to GenBank under accession numbers GU784991 to GU785007. Sequences were checked for chimera formation by using Greengenes (10) and Bellerophon (16) , and all chimeric sequences were removed before tree construction. Sequences were compiled, automatically aligned, and manually edited in the ARB software package (http://www.arb-home.de [23] ). Initially, trees were calculated with almost complete 16S rRNA (1,400-bp) sequences for all close relatives of target sequences by using the neighbor-joining and maximum-parsimony methods in ARB. Partial sequences were subsequently imported into the tree without changing the branch topology by using the ARB parsimony-interactive method. The robustness of inferred tree topologies was evaluated after 1,000 bootstrap resamplings of the neighbor-joining data in the PHYLIP program (11) . Escherichia coli and Thermotoga maritima were used as outgroups for the bacterial and archaeal trees, respectively.
Bacterial cultivation. Aseptic techniques were used to isolate bacteria from small portions (ϳ1 cm 2 ) of tissue from five healthy and ten diseased sponges. Sponge tissue was rinsed briefly in 70% ethanol and rapidly transferred to sterile artificial seawater (ASW). The tissue was then removed, cut into small pieces using a sterile scalpel, and finely ground by using a mortar and pestle. This slurry was suspended in 9 ml of sterile ASW. Tenfold serial dilutions of the suspension were prepared to a dilution of 10 Ϫ3 , and 100 l of each dilution was plated in triplicate on Bacto Marine Agar 2216 (Difco Laboratories, Detroit, MA). All plates were incubated at 28°C for up to 7 days. Three distinct colony morphotypes were identified, and these appeared to be the same in both diseased and healthy sponges. Five representatives of each morphotype were selected from both healthy and diseased sponges and serially streaked onto Marine Agar 2216 to obtain pure cultures. Total bacterial counts were recorded from each plate as CFU ml Ϫ1 of sponge tissue, and the results were averaged. DNA from I. basta isolates was extracted by using a Wizard genomic DNA purification kit (Promega, Madison, WI) according to the manufacturer's protocol. The 16S rRNA gene was amplified by PCR with universal bacterial primers 63f and 1492r, following the same conditions described above. PCR products were sent to Macrogen, where they were subsequently purified and sequenced using 63f as the sequencing primer. Sequences from I. basta isolates were submitted to GenBank under the accession numbers GU817016 to GU817018.
TEM. In order to visualize potential pathogens in situ, small I. basta tissue sections (ϳ1 mm in diameter) from five healthy sponges and seven sponges displaying visible signs of necrosis and brown spot lesions were collected for observation using transmission electron microscopy (TEM). Morphotype enu- meration was conducted on 10 fields of view per sample to assess variation in morphotype abundance between healthy and diseased sponges. Samples were fixed for 24 h in 2.5% glutaraldehyde in fresh filtered seawater, subsequently placed in filtered artificial seawater, and stored at 4°C until further processing. Fixed tissue was placed in a 1% osmium tetroxide solution (prepared in 0.1 M cacodylate buffer) for 3.5 h and subsequently dehydrated in a graded acetone series (50, 60, 70, 80, 90, and 100%). Tissue was then embedded in Epon resin, sectioned with an ultramicrotome, and stained with 5% uranyl acetate in 50% methanol, followed by Reynolds lead citrate. Ultrathin sections of 60 nm were mounted on Formvar-coated copper grids and viewed using a JEOL 1010 operated at 80 kV. Images were captured by using a SoftImaging Megaview III digital camera.
Pilot infection trial.
To assess disease transmission, a small-scale pilot study was undertaken to determine whether healthy sponges could be infected by a sponge showing visible signs of necrosis. Healthy sponges were placed in a 40-liter tank at a distance of 30 cm from a necrotic sponge for 8 days. The tank was placed inside a 1,000-liter flowthrough, 70% daylight-shaded outdoor aquarium. Sponges were monitored daily for the onset of brown spot lesions and/or necrosis. After 8 days, the sponges were showing no visible signs of disease, so healthy sponges were placed in direct contact with diseased tissue and left for a further 5 days.
Data analyses. PAST statistical software (15) was used to carry out a nonmetric multidimensional scaling (nMDS) analysis, using the Raup-Crick measure of similarity, to analyze microbial community composition using a presence (scored as 1)/absence (scored as 0) matrix for each of the DGGE bands.
RESULTS
A total of 13 healthy control I. basta (Fig. 1A) and 32 sponges displaying signs of disease were collected from Masig Island over the two sampling periods. Visible signs of disease included brown necrotic spots in which sponge skeletal fibers were apparent. In addition, some I. basta exhibited high levels of tissue degradation with completely exposed skeletal fibers (Fig. 1B and C) .
Bacterial community analysis. DGGE analysis of I. basta samples revealed a relatively low diversity of microbes with a total of 31 bands detected (Fig. 2) . Comparison of the DGGE profiles in healthy and diseased I. basta revealed remarkably similar banding patterns, regardless of the health status of the sponge (Fig. 2) . Healthy control samples, as well as non-necrotic portions of diseased sponges, showed similar DGGE banding patterns and little variation between samples. In contrast, middle and diseased samples showed much larger variation, possessing bands that were missing in healthy control and nondiseased samples (e.g., bands Q, R, and T). However, these bands were not consistently present in all diseased samples (Fig. 2) . The nMDS shows a cluster of healthy control sponges in the center of the nMDS plot, and there is little separation between healthy control sponges and several data points depicting diseased samples (Fig. 3) . The variability associated with middle and diseased samples in the DGGE (Fig. 2) is depicted by the wide separation of many of these samples in the nMDS analysis.
16S rRNA sequencing of excised DGGE bands revealed
Representative DGGE gel image of 16S rRNA-defined bacterial populations from healthy control I. basta, unaffected tissue from diseased I. basta (nondiseased), tissue from the interface between the lesion and healthy tissue (middle), and lesion tissue (diseased). Individual bands excised for sequencing are labeled on the right hand side of the band, and asterisks ‫)ء(‬ denote bands that yielded low sequence quality.
FIG. 3. Nonmetric multidimensional scaling (nMDS) analysis of sponge bacterial community composition using DGGE banding pattern data to construct a similarity matrix. Circles were manually drawn to assist differentiation of the disease categories. (Table 1 ). In addition, three bands present in all samples, had highest sequence similarity (95 to 96%) to an uncultured Crenarchaeota from an ascidian. Overall, DGGE bands from I. basta had low similarity to sequences in the NCBI database, with band H being the only sequence with a similarity of Ͼ96%. The phylogenetic affiliation of six bands (labeled with an asterisk) could not be determined due to low sequence quality (Fig. 2) . Clone library analysis of I. basta samples was consistent with the DGGE results revealing low microbial diversity and high similarity between each of the three libraries (Fig. 4) . All clone sequences fell into only two classes, the Alpha-and Gammaproteobacteria, with all three libraries dominated by the single Alphaproteobacteria sequence (H1). This Alphaproteobacteria accounted for 78% of the healthy and middle libraries and 82% of the diseased library. The other dominant sequence in all libraries was a Gammaproteobacteria, clone H4, which comprised 18, 19, and 12% of the healthy, middle, and diseased libraries, respectively. Two closely related Alphaproteobacteria sequences (D3 and D6) were only detected in the library from diseased sponges, but each sequence comprised only 2% of the library. Two other Gammaproteobacteria sequences were detected, with one of them (M8) only detected in the middle library and the other (H2) present in both the healthy and the diseased libraries. These sequences made up only a small percentage of each of the libraries (2%) (Fig. 4) .
Phylogenetic analysis showed that clone H1 was only distantly related (86% sequence similarity) to its closest relatives, which includes a sequence retrieved from a deep-sea hydrothermal vent and numerous other sponge and coral-derived sequences (Fig. 5) . Clone H4 was most closely related to symbionts previously reported from the sponges Haliclona gellius, Chondrilla nucula, and Axinella spp. Although clones D3 and D6 showed some similarity to a sequence from black band diseased corals (EF123361), they were most closely affiliated to uncultured symbionts of a soft coral (DQ396277) and sponges (AY948358 and EF092167). I. basta clone H3, present in both the healthy and middle libraries, was closely related to the dominant Alphaproteobacteria sequence H1.
Culture-based analysis isolated only three unique morphotypes, and these were cultured from both healthy and diseased I. basta. Five replicates of each morphotype were sequenced from both diseased and healthy sponges, and in all instances 16S rRNA sequences were identical for the individual morphotypes. No single isolate was present in diseased samples and absent from healthy samples, nor were any of the dominant cultures more abundant in diseased samples. However, the mean CFU for the diseased samples was higher than healthy samples (83 Ϯ 12 CFU ml Ϫ1 versus 57 Ϯ 8 CFU ml Ϫ1 ). Two of the I. basta isolates (GU817016 and GU817017) revealed high similarities with marine Alphaproteobacteria. I. basta isolate CLCM was identical to an Alphaproteobacteria isolated from the mucus of a Red Sea coral (DQ107390). Similarly, isolate CMSM1 was identical to a sponge-associated Alphaproteobacteria (EF513634). Although I. basta isolate CMSM2 was identical to a Bacillus thuringiensis strain (GU384894), it was also 99% similar to a Bacillus strain previously cultured from I. basta in Papua New Guinea (DQ323748). None of the cultured isolates were detected by using molecular techniques.
Consistent with molecular and culture-based methods, low bacterial diversity and abundance was also visualized by TEM in both healthy and diseased samples (Fig. 6) . Three dominant bacterial morphotypes identified in all samples were defined as furry (Fig. 6A), full (Fig. 6B), and filament (Fig. 6C) . The trans-section of the filament morphotype showed a mean size of 158 nm with the mean sizes of the furry and full morphotypes being 259 and 301 nm, respectively. Both the outer and the inner cell membranes of the full morph were clearly de- (Fig. 6D) . However, TEM and subsequent histology failed to reveal any differences in the abundance of this worm between diseased and healthy sponge tissue. Only a single archaeal sequence was detected in clone libraries from healthy, middle and diseased I. basta libraries. The sequence was a marine group 1 crenarchaeota, related to other sponge-specific Archaea (95%) (Fig. 7) .
Eukaryotic community analysis. DGGE banding patterns were highly similar regardless of the health status of the sponge. No bands were consistently present in diseased samples and absent from healthy controls (see Fig. S1 in the supplemental material). All but two of the sequenced bands came from the sponge DNA (97% sequence similarity to Hexadella pruvoti), and the other bands corresponded to the polychaete worm. No microbial eukaryotic sequences were recovered with these universal primers.
Infection trial. Transmission of disease symptoms was unsuccessful after the 10-day pilot infection trial. Healthy sponges showed no evidence of brown spot lesions or necrosis following passive infection or direct contact with lesion tissue.
DISCUSSION
Widespread necrosis, cellular disruption, and degradation of choanocyte chambers occur in I. basta with brown spot lesions (24) . Despite these disease-like symptoms; bacterial cultivation, molecular community analysis (Bacteria and Eukarya) and electron microscopy undertaken in the present study failed to reveal any putative pathogens. Regardless of the technique used, shifts in microbial community structure between healthy control and diseased I. basta were never observed, providing substantial evidence that bacteria are likely not the etiological agent of the disease-like syndrome. In addition, no eukaryotic organisms (e.g., fungi, protozoa, and worms) could be implicated in the formation of brown spot lesions and necrosis. Further support for the absence of a primary pathogen in I. basta was provided by the infection assay where lesions could not be induced in healthy sponges even after direct contact with infected tissue. Although TEM did not reveal the presence of any viruslike particles, future research would be required to unequivocally confirm the absence of viruses.
Of the three isolates cultivated from I. basta, none were detected by using molecular techniques, suggesting that they are not a major component of the microbial community. Interestingly, one of the isolates from the present study (GU817018) had 99% sequence similarity to a Bacillus strain isolated from a diseased I. basta from Papua New Guinea (PNG) (7) . In the study of I. basta from PNG, affected sponges were more abundant close to shore, and a correlation was found between the disease and the cultivation of five Bacillus and Pseudomonas isolates. The authors of that study speculate that bacterial pesticide pollution from agriculture may have introduced new bacteria that were pathogenic to sponges. Subsequent research with sponges and corals showed that addition of up to 5,000 g of the pesticides VectoBac G (containing B. thuringiensis israelensis) and VectoLex G (containing B. sphaericus) per liter could not induce symptoms of disease in I. basta (28) . In addition, the Bacillus strain from the present study was readily cultured from both healthy and diseased I. basta in similar densities, suggesting that it is an unlikely primary pathogen.
It is now well established that marine sponges can host a large diversity of microorganisms (34, 40) . Although a previous study detected 1,099 different bacterial OTU from I. basta on the Great Barrier Reef using 454 tag pyrosequencing (40) , the present study demonstrated low microbial diversity using cultivation, microcopy, and sequencing of 16SrRNA clone libraries. Excluding the rare biosphere of microbes detected by deep 454 tag pyrosequencing, the two studies were consistent in describing the composition of the microbial community, with the bulk of sequences falling in the Alpha-and Gammaproteobacteria. Two bacterial sequences (comprising at least 90% of the total bacterial community) and a single archaeal sequence were detected with both DGGE and 16S rRNA clone sequencing in all healthy and diseased sponges. The consistently low diversity in diseased sponges contrasts with previous studies where an increase in microbial diversity is detected in response to disease or environmental stress in sponges and corals (8, 30, 31, 39, 41) . It has been hypothesized that the increased bacterial diversity in diseased animals may be due to elevated nutrients associated with decaying cells and/or a (41) . The inability of opportunistic seawater-derived microbes to proliferate in "diseased" I. basta suggests that the sponges' chemical defense and/or immune system are still functional even at an advanced stage of tissue degradation. All clone sequences from I. basta had low similarity to sequences in the NCBI database, indicating that I. basta hosts a novel microbial community. Similarly, Webster and coworkers (28) found that ca. 25% of the 16S rRNA-V6 tag sequences from I. basta were below the threshold for reliable assignment and may in fact represent previously unknown microbes. While I. basta clones had low similarity to other known sequences, it is worth noting that all clones clustered with other sequences retrieved from marine sponges.
The term "disease" can have various meanings, depending on the source and context it is used in. Oxford's English dictionary defines disease as "a disorder of structure or function in a human, animal, or plant, especially one that produces specific symptoms." Alternatively, Webster's dictionary defines disease as "an impairment of health or condition of abnormal functioning." These definitions also state that many medical terms describing symptoms are called "diseases," especially when the cause of the symptom is unknown. This is particularly relevant for marine organisms, where causative agents are yet to be identified for many of the disease-like syndromes. For instance, despite the fact that no etiological agents can be identified in many of the coral diseases (reference 33 and references cited therein) and that no bacteria, protozoans or viruses could be implicated in the formation of soft tunics in the ascidian Halocynthia roretzi, these syndromes are still re- ferred to as "diseases" (19) . Regardless of the specific interpretation of "disease," we have illustrated here that care should be taken not to assume disease-like symptoms come from an infectious pathogen. Considering that no infectious agent could be implicated, an environmental origin of the disease-like syndrome should be considered. Previous studies have shown tissue necrosis to arise from various stimuli such as: physical damage due to abiotic factors (6, 46) , predation (20) , and chemical defense (22) . While small feeding scars have been described on Antarctic and temperate sponges due to opistobranchs and nudibranchs, the damage is normally minimal and localized (45) . Visual monitoring of I. basta over the course of different seasons and times of day, spanning a 2-year period, has failed to detect any potential predators or parasites that could be responsible for the extensive necrosis observed in I. basta throughout Torres Strait and the Great Barrier Reef. Sponge necrosis and mortality have previously been attributed to elevated temperature (5, 36) , high salinity (37), low water exchange (1), and pollution (13) . Considering the widespread incidence of disease in I. basta, it is unlikely that localized environmental factors such as pollution or low water flow are responsible.
Our results suggest that microorganisms are not responsible for the disease that is affecting large numbers of I. basta on the Great Barrier Reef and Torres Strait. Although molecular evidence revealed no difference in the microbial communities residing within healthy and diseased sponges, it is still possible that the disease is caused by microbes present in extremely low abundance (hence not detected by molecular methods) or existing symbionts switching on virulence mechanisms (despite no change in their abundance or distribution). These scenarios should be explored further to eliminate microbes as causative agents of disease. Future research will also investigate the role of elevated seawater temperature, high sedimentation, and autoimmune dysfunction in the onset of brown spot lesions and necrosis.
